Introduction
Polymeric microgel is a type of microsized hydrogel known as cross-linked polymeric particles in which the polymer chains are bonded by means of chemical bonds [1-3. It is normally dispersed in watery solutions and can embrace three-dimensional structures, and also experience conformational change because of different external stimuli, for example, magnetic field, ionic strength, pH, and temperature [4] [5] [6] [7] [8] . The stimuli-responsive microgels have been broadly researched because of their unlimited usage in the tissue designing fields, [9, 10] catalysis, [11, 12] drug controlled release, [13] [14] [15] separation, [16] and sensors [17, 18] . Including different active groups, for example, organic groups (e.g., -COOH, -NH 2 , -C=ONH 2 ), ionic groups (-NH 3 + , -SO 3 -), and hydrophobic groups (-CH(CH 3 ) 2 ) into the microgel systems gives extraordinary opportunities to interact with biomolecules, [19] small organic molecules, [20] and heavy metal ions [21] in the aqueous environments, which constantly plays a significant role in the area of identification, separation, and recovery of these objective molecules.
A lot of studies on the fabrication, stimuli-responsive properties, and structures of the microgel particles dispersed in the aqueous solutions and their binding properties with target molecules have been carried out extensively [21] [22] [23] . Yin et al. [21] revealed the preparation of the thermosensitive PNIPAM microgels containing Cu 2+ -chelating acceptor and fluorescent reporter functionalities and discovered that the swelling microgels acquired can specifically interact with Cu 2+ over other metal ions (Hg Received November 28, 2017; accepted January 4, 2018 Abstract: The polyanion polystyrene sulfonate (PSS), the polycation poly (allylamine hydrochloride) (PAH), and the anionic poly (N-isopropylacrylamide-co-acrylic acid) [P(NIPAM-co-AA)] microgels were self-assembled onto the polyethylene imine (PEI) adsorbed gold surfaces of quartz crystal microbalance (QCM) because of the electrostatic attractions. 2+ with the obtained PEI/PSS/PAH/microgel layer in aqueous solutions were evaluated by QCM. The PEI/PSS/PAH/Microgel covered QCM sensor demonstrates the lowest detection limit of 0.1 ppm in aqueous solutions and the obviously linear connection between the frequency response and Ni 2+ concentration from 0.1 to 20 ppm, which is due to the complexation of Ni 2+ with the carboxyl groups of microgels. Atomic force microscopy (AFM) was used to reveal the morphology and stability of the self-assembled polyelectrolyte/microgel layer before and after adsorbing heavy metal ions. These self-assembled materials of polyelectrolyte/microgel layer will be helpful for manufacturing ion-selective materials for separation and identification purposes. structure, and microgel layer with tunable thickness at nanometer level that can be profoundly controlled to catch a particular metal ion. The subsequent layer of microgels onto a solid surface can be utilized as a simplified twodimensional stage for unraveling the microgel-ion relationship. QCM comprising of a little α-quartz plate sandwiched between two gold electrodes is considered as an ordinarily utilized procedure. Since the frequency response of the quartz scales with the mass loaded on the surface of the crystal, mass changes at nanogram level can be recorded. Likewise, QCM can provide data on the viscoelastic properties of adsorbed layers. QCM has just been broadly utilized for evaluating the conformation of polymer chains [41] , biomolecular interaction [42] [43] [44] viscoelasticity of hydrogel thin films [45, 46] , detection of metal ions using polymer films as sensing coating [47] , and polyelectrolyte assembly [48] . The gold surfaces of QCM sensors can be simply tailored with microgels via the LbL self-assembly method as mentioned above.
In this research, we report a novel method to study the microgel-ion system, which makes use of the twodimensional self-assembly containing microgels and the QCM method. The polyelectrolyte-microgel self-assembly was set up on gold surfaces of QCM sensors by means of LbL pathway driven by the electrostatic force. AFM and water contact angle measurements were utilized to describe the polyelectrolyte/microgel system in detail. The dynamics of the binding of various heavy metal ions with the polyelectrolyte/microgel system was examined with the assistance of the QCM immersed in the liquid environment. , which can be outwardly recognized by the eyes. They likewise revealed that the detection mechanism was attributed to the chelation between the nitrogen atoms and o-hydroxyl groups of PAR inside the microgels and heavy metal ions. Chen et al. discovered that the ionic microgel particles obtained have the capacity to retain and repel ion oxide nanoparticles (Fe 3 O 4 -NPs) upon pH variation [24] .
Experimental Section

Chemicals and Materials
Recently, the consideration has been progressively moved to study the preparation and properties of the twodimensional structures made out of the highly organized layers, [25, 26] and the self-assembled microgels on the surfaces and interfaces [27] [28] [29] [30] . Serpe et al. researched the swelling behavior of P(NIPAM-co-AA) microgel based thin films under different pH condition utilizing surface plasmon resonance (SPR) spectroscopy and quartz crystal impedance (QCI) analysis. Serpe additionally reported the study of the thermally regulated uptake and release of the drug doxorubicin from microgel thin films [31] . Also, the PNIPAM microgel-based etalons for pH, optical, and humidity detection have been created [32] [33] [34] [35] . Wang et al. reported that LbL assembled microgel films of chemically cross-linked PAH and confined between two surfaces. (named PAH-D) and PSS equipped for reversible release and loading of dyes that are negatively charged, for instance, fluorescein sodium, mercaptoacetic acidstabilized CdTe nanoparticles, and methyl orange (MO), can be manufactured by a LbL deposition procedure [36, 37] . Islam et al. reported the penetration of polyelectrolytes into charged PNIPAM microgel layers confined amid two surfaces [38] . The intensive research on the interactions of biomaterials with the surface-bound microgels by QCM with dissipation monitoring has additionally been completed [39, 40] . In spite of these efforts, the dynamics of the microgel-heavy metal ion interactions at interfaces have not yet been explored. A thorough understanding of the microgel-metal ion interaction and its enhancement are fundamental for creating ion-selective materials for detection and separation of heavy metal ions in an aqueous environment.
Apart from single microgel particles dispersed in solution, the two-dimensional organized and surfaceconfined microgels can be produced by utilizing the electrostatic attraction driven LbL self-assembly method; this has the advantages that various functionalities embedded, stimuli-responsive properties, unique network utilized here included the normalized changes in the frequency of the third harmonic. The normalization was accomplished by partitioning the adjustment in frequency by its harmonic number. Adsorbed mass change Δm during the layer-by-layer self-assembly was approximately calculated by the use of Sauerbrey equation as provided below:
Where the constant C is 17.7 ng cm -2 Hz -1
, n is the overtone, and ΔF is the frequency change. The QCM frequency change (ΔF) were obtained at the third (15MHz) harmonic. To monitor the deposition of the polyelectrolyte and microgels, the frequency response of the uncovered sensors in water was first recorded as the reference, and afterwards, the frequency shift caused by the alternate adsorption of polyelectrolytes which includes PEI, PSS, PAH, and microgels onto sensor surfaces was achieved. To this end, the PEMs were washed with Milli-Q water and blow-dried in a surge of N 2 prior to subjecting them to characterization and estimation under ambient conditions.
Interactions of the self-assembled microgels with heavy metal ions
The polyelectrolyte/microgels interactions with various metal ions were studied utilizing QCM. To begin with, the self-assembled polyelectrolyte/microgel-coated QCM sensors mounted on the flow cells were opened to Milli-Q water for 1 hour within the formation stage. At that point, the QCM signal was recorded for up to 5 min, while as yet flushing with Milli-Q water to acquire the baseline. The aqueous solutions with the metal ion concentration of 20 ppm were infused into the QCM cells, and the frequency shift identified their interactions with the gathered microgels and deciphered by the mass change on the sensor surface. At long last, the salt solution was supplanted by Milli-Q water, and the signal was recorded.
Instruments and Characterization
Atomic Force Microscopy
The polyelectrolyte/microgel surface morphologies deposited on the gold surface of the quartz crystal were determined using tapping mode AFM (NanoMan VS, Veeco Instrument Inc., USA) at room temperature in air. A Milli-Q system was employed in each experiment. QCM sensors with gold coating were bought from SuZhou SiJu Biomaterials company (Suzhou, China).
Synthesis of P(NIPAM-co-AA) microgels
The monomers of NIPAM (0.375 g), AA (0.125 g), and the crosslinker MBA (0.055 g) were dissolved in 38 mL deionized water at 70 °C under vigorous stirring. Oxygen was removed by bubbling nitrogen through the solution for 5 min. When the oil bath is heated to 70 °C and stabilized for about 15 min, 2 ml of K 2 S 2 O 8 solution with a concentration of 5 mg/ml was added to the solution to initiate the polymerization. The reaction was continued at 70 °C for 6 hours. The un-reacted molecules were separated by dialysis against Milli-Q water for 24 hours within which the outer Milli-Q water was refreshed every 6 hours. Lastly, the microgel solution was acquired and stored in a container for the following characterization and measurements.
Self-assembly of P(NIPAM-co-AA) Microgels
The self-assembly of P(NIPAM-co-AA) microgels on the gold surface of the QCM sensors was performed by the first deposition of PEI/PASS/PAH multilayer and afterwards the adsorption of anionic P(NIPAM-co-AA) microgels onto the adversely charged surfaces. The creation of PEI/PSS/PAH/P(NIPAM-co-AA) microgels on the gold surfaces of QCM sensors was monitored using a QCM (IQCM, Resonant Probes GmbH, Goslar, Germany) at 25 °C in a liquid medium. The QCM sensor is an AT-cut quartz crystal (fundamental resonant frequency f 0 = 5 MHz) covered with gold electrodes (100 nm thickness) on both surfaces. The frequency shift of the QCM sensors exposed in the deionized water without adding polymers was first recorded as the reference. After that, the liquid solution was pumped via the QCM flow cells at a flow rate of 10 μl min -1 . A layer of PEI (2 mg ml -1 ) was firstly adsorbed, continued by the other deposition of PSS (1 mg ml -1 ) and PAH (1 mg/l), lastly the adsorption of P(NIPAMco-AA) microgel (0.025 mg ml -1 ). After the adsorption of every single layer is finished, the surface was rinsed with deionized water. Note that multilayer samples marked with the code ''PEI/PSS/PAH/MG'', implies multilayer containing polyelectrolytes and microgels. Since the first harmonic had high-level noise, the QCM information was gained at third (15 MHz) overtone, and the frequency shift 1 demonstrates the three stages of the formation, in particular, the modification of the surfaces with PEI chains containing amine groups in their main and side chains, which is followed by the deposition of the anionic PSS carrying negative charges onto the amino-functionalized surfaces, and along these lines connection of the cationic PAH carrying positive charges, at last the adsorption of the anionic microgels. In summary, the negatively charged microgels prepared were self-assembled onto the positively charged PEI/PSS/PAH multilayer coated gold surfaces of QCM sensors.
The QCM method can be used for the concurrent measurements of frequency shift (Δf) and half-band half-width (ΔΓ) at the first, third, etc., overtone (n =1, 3 ,...; i.e., f = 5 MHz, 15 MHz). Since the signals received at the first harmonic are not secure and has a high noise level in aqueous solution, it will not be used for the QCM analysis. Figure 1 displays the variation of the normalized a) frequency shift (Δf n /n) and b) half-band half-width (ΔΓ n /n) at the third (n=3, 15 MHz), fifth (n = 5, 25 MHz), and seventh harmonics (n = 7, 35 MHz) for the formation of the PEI/PSS/PAH/MG in water. The frequency change, which is correlated with the mass adsorbed on the sensor surface and was recorded in real time. At first, a stable and flat baseline, which acts for the subsequent adsorption of polymer chains was achieved after flushing the QCM cell with MilliQ water. Then, a PEI solution with a concentration of 2 mg ml -1 was pumped into the QCM cell. Figure 1a demonstrates a decline in the frequency shift after adding the PEI solution, showing the adsorption of PEI onto the gold surfaces. After obtaining equilibrium, the PEI layer surface was rinsed with Milli-Q water to wash away the unstable PEI chains. Nonetheless, the solution was alternated to the watery PSS solution for absorbing the following layer. At that point, the deposition of PAH few places at each specimen were imaged.
Water Contact Angle
Water contact angle testing for the polyelectrolyte/ microgel modified gold surface was carried out at room temperature with 60% relative humidity and 1.0 μl drop size. A HARKE-SPCA instrument (Beijing Harke Experimental Apparatus Co., Ltd., China) was applied to calculate the contact angles.
Results and discussions
3.1 The build-up of the self-assembled microgels on QCM sensor surface P(NIPAM-co-AA) microgels were fabricated by surfactantfree emulsion polymerization using NIPAM and AA as monomers, MBA as the crosslinking agent, K 2 S 2 O 8 as an initiator. Figure S1 shows (supporting information) the particle size and particle size distribution of the microgel with the NIPAM/AA feed ratio of 3:1. It can be observed that the microgel has a particle size of 408 nm with a PDI value of 0.428. The Zeta potential of the microgels as measured by Zeta potential analyzer was -9.95 mV, indicating the presence of carboxyl groups and negative charges onto the surfaces of microgels. In combination with the oppositely charged polyelectrolyte chains, microgels with negative charges can work as building block for preparing the well-defined polyelectrolyte/microgel self-assembly on gold surfaces of QCM sensors, which is driven by the electrostatic force through the layer-by-layer pathway.
Following the three-step pathway on the gold surfaces of QCM sensors, the self-assembled PEI/PSS/ PAH/microgels were subsequently fabricated. Scheme PEI PAH Mi cro g e l Q CM sensor A u sur f ace PSS Scheme 1. Self-assembly of the anionic microgels onto the PEI/PSS/PAH layer modified gold surfaces of QCM sensors driven by the electrostatic interaction.
The mass of the rigid homogeneous thin films can be evaluated utilizing the Sauerbrey formula. Notwithstanding, in this case, the mass values generally computed in this form are not so exact but rather still supportive for semi-quantitatively analyzing the deposited materials in each layer adsorbed on the sensor surface. Table 1 
Interactions of the self-assembled microgels and heavy metal ions by QCM
The interactions are between the microgels selfassembled on the QCM sensor and the heavy metal ions. Figure 2 shows the real-time frequency shift at the third harmonic, recorded for the microgels on QCM sensors which is subsequently exposed to numerous heavy metal and microgels took place because of the electrostatic attractions between the positively charged ammonium groups and negatively charged carboxyl groups. Note that the flushing strategy was completed before every deposition of the polymer layer. An immediate comparison of the frequency shift acquired at the third (15 MHz), fifth (25 MHz) , and seventh harmonics (35 MHz) was observed, and these curves were somewhat spreading or did not demonstrate the indistinguishable value. That implies there is frequency reliance during the measurement, recommending that the self-assembled microgels were not an inflexible thin film but rather a delicate and viscoelastic layer.
ΔΓ, which can uncover the alterations in the structures and viscoelastic performance of the thin polymer layers loaded on the quartz crystal were recorded progressively and in real time. As a rule, the development of a delicate layer on the sensor surface prompts an increased ΔΓ value when distorted within the period of the oscillation of quartz crystal. Contrastingly, the deposition of a compact and strong polymer thin film on the sensor surface yields reduced ΔΓ values. As revealed in Figure 1b , the rise in ΔΓ at three harmonics with the deposition of PEI, PSS, PAH, and P(NIPAM-co-AA) microgels was accomplished, indicating the formation of the soft and non-rigid layers on the gold electrode surface of quartz crystal. This can be explained by the attributes of the hydrophilic and hydrated polyelectrolyte chains and the swollen microgels containing water molecules. Figure 1 . Variation of the a) Δf and b)ΔΓ at the 3rd, 5th, and 7th harmonics for the formation of the self-assembled multi-layers made with PEI, PSS, PAH, and P(NIPAM-co-AA) microgels in water. for the identification of Ni 2+ over other heavy metal ions in aqueous solutions, which will guarantee making metal ion materials that are selective and building up the sensing framework for the detection of Ni 2+ .
To confirm the microgel-deposited QCM sensors detection limit and uncover more information on changes in the structures and viscoelastic properties of microgels on the gold surfaces, Δf and ΔΓ at the third harmonic were investigated as function of time when exposing the microgel-deposited sensors to a series of Ni 2+ solutions with a lower concentration of 0.1, 1, and 5 ppm. As shown in Figure 3 , with the consecutive replacement of Ni 2+ aqueous solutions, the frequency shift of microgel deposited QCM sensor decreased, and each Ni 2+ aqueous solution obtained a stable adsorption equilibrium. The lowest detection limit of the microgel modified QCM sensor , and Ni 2+ in aqueous solution cause the frequency shift of 5.6, 50.3, 38.6, 40.4, and 113 Hz, respectively. The -COOH groups of the microgels might conceal the heavy metal ions successfully, and the stable complexes can be framed among the multivalent metal ions and anionic groups [49] . The microgel-covered sensors frequency response for Ca 2+ was rather weak, hence, demonstrating the weak adsorption and complexation between Ca 2+ and microgels. Likewise, the frequency responses of microgel-deposited QCM sensors exposed to some other heavy metal ions including Bi Figure 2b , it is obvious that areal density of Ni 2+ is around 34.1 nmol cm -2 , which is higher when compared to the values of the other heavy metal ions. These outcomes displayed that the microgel-coated QCM sensors shown high selectivity of microgel solution was in a lower concentration range and was not high enough to form the continuous microgel film during the LbL self-assembly procedure. Note that the height of microgels shown in Figure 5c is 117±5 nm. The water contact angles on the bare gold surface of QCM sensors is 88.6 °, indicating the hydrophobic nature of the gold. After modifying the gold surface, the contact angle was decreased to 76.9 °, confirming the formation of the self-assembly on gold made with the anionic and hydrophilic polyelectrolyte and microgels. The contact angle on microgel modified surface seems not much lower than that of hydrophobic gold due to the partial coverage of the microgels on gold, which is consistent with the results generated by AFM. Figure 6 shows the AFM morphologies of P(NIPAMco-AA) microgel deposited on the gold surface of QCM sensors after exposing to Cu 2+ , Ni
2+
, and Zn 2+ with the scanning area of 5 μm×5 μm. It can be observed that the morphologies of the microgel deposited surface after exposing to heavy metal ions were quite similar to that of the microgel covered surface before exposing it to heavy metal ions. This signifies the exceptional stability of the PEI/PSS/PAH/microgels adsorbed on the QCM sensor's gold surface.
Conclusions
The self-assembled microgels were deposited on the QCM sensor surface by the LbL procedure with polyelectrolytes and anionic microgels because of the electrostatic interactions. QCM estimations including frequency and ΔΓ signals confirmed the formation of PEI/PSS/PAH/Microgel self-assembled and formation of the hydrated viscoelastic structures. The selfassembled microgel-containing networks with -COOH groups were permitted to absorb the heavy metal ions, which can be observed by the same QCM procedure. This two-dimensional microgel modified QCM sensors is one perfect platform for specifically detecting Ni 2+ , with the most minimal detection limit of 0.1 ppm in aqueous solution and the obvious linear relationship between the frequency shift and Ni 2+ concentration (0.1-20 ppm). The images of AFM likewise revealed that in contrast to the exposed surface of QCM sensor, the microgel-coated QCM sensors had a high surface roughness. It can be discovered that the microgel particles with a size of around 500 nm were dispersed on the gold surface. The morphologies of the microgel deposited surface after exposing to heavy metal ions were similar to that of the microgel covered surface prior to exposing it to heavy . As reported in the literature, the stable complexes can be formed between the multivalent metal ions and anionic groups. As the Ni 2+ is not totally dehydrated and consistently conveys water molecules into microgels, this gives rise to the soft and hydrated structures. Figure 4 plots the Ni 2+ concentration versus frequency shift for the information of Figure 3 . The obvious linear connection between the Ni 2+ concentration and frequency shift was achieved in the scope of 0.1 ppm to 20 pm for the microgel modified QCM sensors. This outcome shows that the microgel modified QCM sensor can be utilized for detecting Ni 2+ in aqueous solutions. Figure 5 shows the AFM morphologies of the bare and microgel covered gold surfaces of QCM sensors with the scanning area of 5 μm×5 μm. The images of water contact angles on the bare and microgel modified gold surface of QCM sensors were also inserted. From Figure 5 , it can be observed that the bare gold surface of QCM sensor seems rather flat and smooth. Compared to the bare gold; the microgel modified surfaces are rather rough. It can be obviously observed that the microgel particles with a size of about 500 nm were dispersed on the gold surface. The microgel particles did not completely cover the gold surface. That is because in our case, the concentration We reported a novel method of studying the microgel-ion system, which employs the use of two-dimensional self-assembly containing microgels deposited on surfaces and the QCM strategy. This will guarantee manufacturing sensing materials with the assistance of QCM procedure for detection purposes. with a concentration of 20 ppm and the scanning area of 5 μm×5 μm and the height of 115±10 nm, 121±3 nm, and 125±3 nm, respectively.
